The catechol-O-methyl transferase (COMT) 158Val/Met variant has been suggested to play a role in COMT function. Epigenetic regulation of COMT may further influence the prevalence of metabolic syndrome in these patient populations. This study examined the correlation between COMT promoter methylation and metabolic syndrome in schizophrenia patients receiving atypical antipsychotic (AAP) therapy. DNA was extracted from peripheral blood samples of schizophrenia subjects screened for metabolic syndrome. Pyrosequencing was used to analyze two methylation sites of the soluble COMT (COMT-s) promoter region. Associations between AAP use, lifestyle variables, metabolic syndrome and COMT genotype with peak methylation values were analyzed. Data are reported in 85 subjects. Methylation on CpG site 1 had a mean of 79.08% ( ± 4.71) and it was 12.43% (±1.19) on site 2. COMT genotype proved to be an indicator of COMT methylation status on site 1 (F (2, 84) ¼ 5.78, P ¼ 0.0044) and site 2 (F (2, 84) , ¼ 3.79, P ¼ 0.027). A significant negative correlation between physical activity and COMT promoter region methylation was found in Val/Val homozygous patients (site 1: P ¼ 0.013 and site 2: P ¼ 0.019). Those homozygous for Met/Met showed a positive correlation between promoter site methylation and physical activity (site 1: P ¼ 0.027, site 2: P ¼ 0.005), and between CpG site methylation and metabolic syndrome (site 1: P ¼ 0.002; site 2: P ¼ 0.001). The results of this study suggest that COMT promoter region methylation is largely influenced by COMT genotype and that physical activity plays a significant role in epigenetic modulation of COMT.
Introduction
Metabolic syndrome is a complex disease currently affecting B47 million Americans. 1 Associated largely with cardiovascular disease, metabolic syndrome is commonly diagnosed by meeting three or more risk factors as defined by the NCEP ATP III (National Cholesterol Education Program Adult Treatment Panel III) guidelines including high low-density lipoprotein/very-low-density lipoprotein lipid levels, increased insulin resistance, obesity and high blood pressure. 2 Previous studies have found that the incidence of metabolic syndrome in psychiatric patients currently on atypical antipsychotics (AAPs) is twofold to fourfold higher than the general population. 3 Recent evidence supports an association between folic acid-related enzyme genetic variability (that is, of methylenetetrahydrofolate reductase (MTHFR)), aberrant homocysteine metabolism related to catecholamine-O-methyl transferase (COMT) and the risk of metabolic syndrome in patients with schizophrenia. [4] [5] [6] However, other lifestyle issues such as diet and exercise also continue to be implicated in the development of metabolic syndrome within schizophrenia.
Schizophrenia is a wide-spread debilitating psychiatric disease affecting over 3 million Americans. Despite the high prevalence and commonality of the disease, very little of its intricate genetic and environmental etiology is truly understood. Along with external influences, such as living conditions, dietary intake and past drug use, several genetic factors have been suggested to play a part in the manifestation of the disease in an individual. Interest in COMT has increased among researchers in psychiatry and neuroscience because of its role in regulating catecholamine levels (that is, dopamine (DA)) in brain tissue and cognitive function. 7 A deficiency in catecholamine metabolism is likely related to disease states like schizophrenia that are characterized by disruptions in catecholamine neurotransmission. The role of a common variant in the COMT promoter region-158Val/Met (rs4680)-has been extensively examined in multiple psychiatric disorders. 8, 9 Biochemical kinetic studies have shown that those homozygous with the Val allele, classified as having a 'G/G' or 'Val/Val' genotype, metabolize DA at significantly higher rates than those with the Met variant, ultimately resulting in lower synaptic DA levels. 10 Although current evidence suggests that the presence of the COMT Met variant does not indicate a risk factor for schizophrenia etiology, 11 the meta-analysis regarding the gene's actual role in the disease remains inconclusive. 12 Although genotype may not directly constitute a schizophrenia risk factor, data indicate that COMT functionality does play a role in the disease manifestation and treatment outcomes. 13 Work related to the methylation of COMT suggests that in addition to genotype, epigenetics may also regulate COMT activity.
14 Given the additional role of COMT in homocysteine regulation, which has been linked to cardiovascular disease, a greater understanding of the role of COMT in metabolic syndrome within schizophrenia is needed, specifically in relation to genetically regulated methylation differences.
The aim of this investigation was to assess the relationship between COMT promoter methylation status and metabolic syndrome in patients receiving AAP therapy in a crosssectional analysis. We have postulated that decreased COMT promoter methylation status in peripheral blood-originated DNA samples is associated with metabolic syndrome in a schizophrenia patient population and that physical activity may modulate this relationship.
Materials and methods
Human subjects and collection of samples As part of this study, subjects were included if they currently had a DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-fourth edition) diagnosis of schizophrenia, were between the ages of 18 and 90 years and were currently stable on an antipsychotic for at least 6 months. Subjects were excluded if they lacked the ability to give informed consent or had any alcohol addiction or illicit drug use within the month, which was confirmed through the subject's medical records and consultation with their primary prescriber. Subjects meeting these criteria were then seen in the Michigan Clinical Research Unit at the University of Michigan Hospitals and Clinics where they underwent informed consent and the study assessments. This study was approved by the University of Michigan Institutional Review Board and carried out in accordance with the Declaration of Helsinki (ClinicalTrials.gov Identifier: NCT00815854).
Clinical data collection
Physical and physiological function parameters, including a physical exam, dietary questionnaire, cigarette smoking status and physical activity assessments, were acquired at the University of Michigan Clinical Research Unit upon subject consent. Prelaboratory assessment measures included a schizophrenia diagnosis via a Structured Clinical Interview for DSM Diagnoses and dietetic assessments of height, weight and hip and waist circumference. Blood pressure was measured and body mass index was calculated. Fasting blood glucose, serum folate, B12, homocysteine, insulin, hemoglobin A1c and lipid (total cholesterol and high-and low-density lipoproteins) levels were collected via blood samples. The blood sample was also used for genetic and methylation analysis. Upon review of patient data, the status of metabolic syndrome of each patient was assessed. Metabolic syndrome was defined via NCEP ATP III guidelines of having X3 of the following: 2 blood pressure (X130/85 mm Hg); fasting blood glucose (X100 mg dl -1 ); large waist circumference (men X40 inches and women X35 inches); low high-density lipoprotein cholesterol (men o40 mg dl -1 and women o50 mg dl -1 ); and triglycerides (X150 mg dl -1 ). A medication history including over-the-counter and herbal supplement usage was collected via questionnaire and review of subject records. Subjects receiving clozapine, olanzapine, risperidone, paliperidone or quetiapine were considered to be receiving an AAP. All atypical antipsychotic drugs were standardized by converting dosage regimens to chlorpromazine equivalents on the mg kg -1 basis (that is, dose in chlorpromazine equivalents multiplied by the number of years used)/100). 15 Each subject was asked to quantify the number of cigarettes smoked per day and the amount of time they have smoked to obtain a pack-year history for each subject. Nonsmokers (as defined by our research group as having no cigarette use within the past 12 months) were questioned on their past smoking history, including amount and duration of exposure.
A total activity score was computed based on a previously designed questionnaire. 16 The subjects were asked to record the total 'strenuous activity' (that is, jogging, aerobics, swimming and physical labor), 'moderate activity' (that is, housework, light jogging, painting and so on), and 'mild activity' (that is, walking) in min per week and the amount of time engaged in such activity per week. When completing this assessment, subjects were asked to report their physical activity for the week before their current study visit, which was when the DNA sample was obtained. A final score (in metabolic equivalent of task (MET) per min) was computed by multiplying the time for each activity (in min) by a metabolic equivalent score (that is, 3, 5 or 7 METs), as defined previously. 16 Assessing genotype and methylation status Upon purification of the DNA obtained through whole blood cell samples, the soluble COMT (COMT-s) alleleincluding promoter regions-was amplified via PCR. Val/ Met variant status was determined via pyrosequencing (sequence templates available upon request), and samples were stored at À20 1C. A DNA bisulfite conversion process was conducted in vivo to assess the methylation status of the COMT-s promoter region using the peripheral DNA samples. Using EZ DNA Methylation-Gold Kit (Zymo Research, Irvine CA, USA), the methylated CpG sites were converted to a CG group whereas unmethylated CpG islands were converted to uracil and were detected as thymine following PCR and pyrosequencing protocol. Two primers, a standard forward (5 0 -GATGGGTTGTAGGATGAATTCG-3 0 ) and biotinylated reverse (5 0 -/5Biosg/AAACACTAACGCCCCTCCCC-3 0 ), were used and optimized for the PCR amplification of the two methylation sites (sites 1 and 2) within the COMT-s promoter gene using pyrosequencing technology based on the sequencing primer 5 0 -GTAATATAGTTGTTAATAGT AGA-3 0 . 14 Pyrosequencing identified the defined CpG islands as a percentage of methylation for each subject. In general, DNA regions with higher methylation may be less apt to be expressed. 17 
Statistical analysis
Baseline differences between those with metabolic syndrome and those without were determined through the use of simple Student's t-tests for continuous variables (that is, weight and waist circumference) and w 2 test for dichotomous variables (that is, smoking status and AAP use). Analysis of variance was used to determine the relationship between COMT promoter region methylation at both sites 1 and 2 and the dependent variables of metabolic syndrome, COMT genotype (that is, Val/Val, Val/Met and Met/Met), and interactions. Linear regression was used to determine the relationship between percent methylation at sites 1 and 2, total activity score, COMT genotype and interactions. These analyses used an allele load model followed by a secondary correlation analysis to examine methylation differences stratified by genotype. All analyses were controlled for any baseline differences between groups. A two-tailed P-value of o0.05 was predetermined as significant with the sample size used in this study. Statistical analysis was performed with JMP 9 (SAS Institute Inc, Cary, NC) and values are reported as mean±s.d.
Results
A total of 85 peripheral DNA samples were sequenced and analyzed. The age range of subjects was 22-70 years, with a mean of 45.36 (±11.74). Male subjects constituted 64.7% of the study population (n ¼ 55) and 80.1% (n ¼ 68) were classified as AAP users, and 36% (n ¼ 31) met the criteria for metabolic syndrome. 2 There were no differences noted in age, race or sex between genotype groups. Mean methylation on site 1 was 79.08% ( ± 4.71; range 66.94-88.1%) and on site 2 was 12.43% (±1.19; range 9.96-15.43%). CpG percent methylation at site 1 showed considerably greater methylation than that of site 2, a finding that parallels previous COMT CpG methylation studies. 14, 18 Every sample showed some degree of methylation at both CpG sites.
COMT promoter methylation and Val/Met genotype COMT alleles were broken down into three genotypes, 18 Met/Met ('A/A', lower enzyme activity), 39 Val/ Met ('A/G') and 28 Val/Val ('G/G,' higher enzyme activity), and were found to be in Hardy-Weinberg equilibrium (w 2 ¼ 0.41, P ¼ 0.52). COMT genotype proved to be a strong indicator of COMT methylation status on site 1 (F (2, 84) ¼ 5.78, P ¼ 0.0044) and site 2 (F (2, 84 ) ¼ 3.79, P ¼ 0.027). When examining methylation status as a function of genotype, a relationship is found where individuals with the Met variant on one or both allele exhibit increased percentage of methylation relative to those without the variant (Figure 1 ).
Percent methylation versus metabolic syndrome
When methylation was examined in relation to the presence or absence of metabolic syndrome, percent methylation on either promoter CpG sites revealed a significant relationship in the entire population with the COMT genotype and metabolic syndrome variable interacting to predict methylation at site 1 (F (3, 81) ¼ 5.89, Po0.0001) and site 2 (F (3, 81) ¼ 5.33, P ¼ 0.0002). Specific to both of these models, the interaction between metabolic syndrome and COMT genotype remained significant after controlling for each variable separately, with both the Val/Val and Met/Met genotypes being statistically different (site 1: P ¼ 0.002 and site 2: P ¼ 0.001) from each other based on the presence or absence of metabolic syndrome. These differences can be seen when the data are broken down by specific genotypes. The Val/Val genotypes with metabolic syndrome had a significantly higher methylation average on site 1 (80.8 ± 4.03%) than those without the metabolic syndrome complex (74.97±4.8%; P ¼ 0.002; Figure 2 ). The same trend proved true on site 2, with 13.04 ± 0.9% methylation in those with metabolic syndrome and 11.36 ± 1.0% methylation in those without (P ¼ 0.001). Those with the Met/Met genotype did not have significantly higher methylation regardless of metabolic syndrome on site 1 (yes: 80.943 ± 2.99, no: 82.99 ± 3.15; P ¼ 0.1895) or on site 2 (yes: 12.87 ± 1.5, no: 13.3 ± 0.76; P ¼ 0.468). This finding shows a distinct difference between homozygous carriers of the Val/Met variant with regard to methylation percentages in patients with metabolic syndrome. These data show that each genotype has a unique methylation profile with regard to metabolic syndrome ( Figure 2 ).
Methylation compared with smoking status, serum folate, fasting glucose, serum homocysteine and AAP use No significant relationships were found between methylation status on the two promoter CpG sites analyzed and smoking status, serum folate, fasting glucose or AAP use for both total populations and when subdivided by genotype (data not shown). When broken down by genotype, individuals with the Val/Val genotype showed a significant relationship between percent methylation on site 1 and homocysteine levels (F (1, 26) : 5.1214, P ¼ 0.032), in which higher homocysteine levels were directly related to higher methylation percentages on CpG site 1. CpG site 2 had a similar, yet nonsignificant trend (F (1, 26) : 2.13, P ¼ 0.15). The remaining genotypes did not show a significant relationship between homocysteine levels and methylation values.
Promoter methylation and total activity score Total activity score averaged 2645±2473 MET/min (range: 0-12 420, n ¼ 82). Overall, a significant relationship was found between COMT promoter methylation, COMT genotype and physical activity using the TAM2 scale (site 1: F (3, 81) : 7.97, P ¼ 0.0001 and site 2: F (3, 81) : 6.79, P ¼ 0.0004), whereas a significant interaction between genotype and physical activity was found (site 1: P ¼ 0.005, site 2: P ¼ 0.001). This relationship can be better seen when broken down by genotype. For those with the Val/Val genotype, methylation at both sites 1 and 2 showed a negative correlation with total activity score (P ¼ 0.013, r 2 ¼ 0.27 for site 1 and P ¼ 0.019, r 2 ¼ 0.39 for site 2; Figure 3 ), whereas for those with the Met/Met genotype, a positive correlation was shown between the total activity score and COMT methylation (P ¼ 0.027, r 2 ¼ 0.21 for site 1, and P ¼ 0.005 r 2 ¼ 0.19 for site 2). Those heterozygous for the variant showed a linear nonsignificant relationship between activity score and COMT methylation.
Discussion
Epigenetic influences on genomic regulation have become a focal point in schizophrenia research. Studies have suggested that the methylation status of CpG dinucleotide islands in both soluble and membrane-bound COMT promoter regions may play a role in disease manifestation with hypomethylation of promoter region as a major risk factor for schizophrenia. 17, 19 Such epigenetic alterations of the COMT gene could potentially impair the individual's ability to transcribe and express adequate levels of the enzyme, which may further impair additional downstream pathways involved in catecholamine and nutrient metabolism.
COMT plays a role in folic acid metabolism, assisting in the conversion of methionine to homocysteine-a key cofactor in the folic acid metabolic pathway. This pathway has been well documented and suggests that high levels of homocysteine may result from decreased levels of folic acid or presence of the COMT Val allele. 20 Elevations in homocysteine have been associated with an increased risk of cardiovascular diseases, including congestive heart failure, and thrombotic and atherosclerotic vascular disease. 21 The genetic etiology of folate deficiency has been studied extensively and many key variants have been found responsible for differences in folate levels among populations. Specifically, the MTHFR 667C/T (rs1801133) variant has been found to be an important marker in folate metabolism. 22 The presence of a MTHFR C667T variant may contribute to a 35% reduction in folate metabolism, whereas a TT genotype results in as much as 70% reduction. 6 Similar variants involved in folate metabolism, such as the COMT Val/Met, as well as the functional status of the COMT promoter gene, could prove to be important biological markers for metabolic syndrome development in schizophrenia 4, 6 and may be related to overall Homocysteine levels. 20 Decreased functionality and/or transcription of COMT based on promoter CpG dinucleotide methylation may play a role in lowered folate and homocysteine levels in schizophrenia patients. Given the role of COMT in the catabolism of DA and the effects of this variant on cognitive function within schizophrenia, 13 this key metabolic process may serve as a very important linkage between cardiovascular disease and schizophrenia pathology. Understanding the relationship between environment, lifestyle and dietary forces that affect metabolic syndrome development in general as well as the epigenetics of the illness itself will assist clinicians in preventing and/or treating metabolic syndrome in high-risk psychiatric patients.
Overall, we found that COMT genotype proved to be a strong indicator of COMT methylation status on both promoter CpG sites; a finding consistent with previous studies. 23, 24 It is possible that the higher methylation seen on both CpG sites with the Met/Met genotype may be associated with reduced gene expression, which others have hypothesized as well. 23 Additionally, this is the first cohort study designed to assess the relationship of COMT promoter regulation methylation status with metabolic syndrome in living schizophrenia spectrum patients receiving atypical antipsychotic pharmacotherapy. Our data show a significant difference in COMT promoter region methylation between those with metabolic syndrome and those without in the Val/Val genotype population. Compared with methylation differences seen based on genotype alone, it appears that presence of the metabolic syndrome within Val/Val genotypes creates COMT methylation levels similar to that seen in Met/Met individuals without metabolic syndrome. This may indicate that physiological presence of metabolic syndrome within individuals with the Val/Val genotype may alter epigenetic responses that may ultimately affect COMT functionality. It is feasible that a differing catecholamine-driven phenomenon occurs between genotype groups relating to metabolic syndrome and COMT function. Previous studies have shown that reduced dopaminergic tone may trigger metabolic syndrome, 25 yet our preliminary results appear to contradict these findings in patients with the Val variant. Although our data suggest the existence of a relationship between metabolic syndrome, genotype, and methylation, a definite conclusion cannot be drawn.
The significant relationship between total activity level and percent methylation is noteworthy. Prefrontal DA is increased during periods of physical activity, and an increase in DA may alter the expression of COMT and other DA regulatory processes. 26 As COMT expression increases, methylation may decrease in response, which is what the results of this study appear to support in the Val population due to the possible increased DA levels from higher exercise Figure 3 Linear correlations between total activity score and catechol-O-methyl transferase (COMT) promoter methylation, grouped by COMT 158Val/Met genotype. Column 1 represents relationships with COMT methylation at position 1, and column 2 represents COMT methylation at position 2. Overall, for those with a Val/Val (A/A) genotype, a negative relationship was found between total activity score and COMT methylation, whereas for those with a Met/Met (G/G) genotype, a positive relationship was found.
levels. Those with the Val/Val genotype, with both higher functioning and expressed COMT product, show a negative relationship between methylation percent and total activity levels on both methylation sites. Conversely, those with the Met/Met genotype, and thus lower functioning COMT, show a positive correlation between COMT methylation and increased activity scores. The lower methylation percentages seen in the Val/Val group with higher activity levels may suggest that as these individuals exercise, their COMT functionality and overall ability to effectively metabolism DA is maintained. What is seen with the Met/Met genotype contradicts the notion that higher DA would trigger COMT transcription, and suggests that functional mutation may respond to DA surges in a counter-intuitive fashion. It is important to suggest though that for those with the Val/Val genotype, the lifestyle practice of reduced physical activity may contribute to reduced COMT methylation, which may be related to overall COMT functioning and a reduction in DA metabolism. Hence, for those with the Val/ Val genotype, regular exercise may be an important intervention to maintain lower COMT methylation and optimal DA metabolism for more favorable outcomes related to schizophrenia psychopathology as well as metabolic syndrome prevention or reduction. This finding is provocative and warrants further investigation, such as COMT reverse transcriptase-PCR and western blotting in response to activity and the corresponding DA surge, along with measurement of a cognitive outcome to assess overall clinical effect and outcome.
A few studies have shown the effects of environment on COMT promoter region methylation, such as physical stress and smoking, 23, 27 and it is well documented that environment plays a large role in epigenetic DNA modulation. 14 We are the first group to examine COMT promoter methylation and physical activity within living schizophrenia subjects. However, others have shown a relationship between other physical outcomes (that is, muscle mass and bone mineral density) and COMT 158Val/Met genotype. 28, 29 Additionally, in a recent study of healthy volunteers, subjects were randomized according to their COMT Val/Met status and placed in exercise and control groups. When exposed to periods of physical activity, Val/Val subjects had significantly greater cognitive performance ability than those in the Met/Met cohort, which the authors attributed to the DA regulatory properties of COMT. 30 Although we did not obtain a neurocognitive assessment on these subjects and cannot delve specifically into these relationships, our data do show a similar relationship and support our theory that low exercise levels in those with a Val/Val genotype may result in higher methylation affecting COMT functioning and altered DA catabolism.
The results of this study are interesting, although a few limitations must be discussed. First, the blood samples collected from the patients came from a peripheral artery as brain tissue extraction is currently unfeasible in living human subjects. However, previous studies have shown that blood-originated samples of DNA closely mimic brainoriginated samples, 18, 23 and thus our samples should closely represent subject brain tissue methylation. Also, akin to cross-sectional studies, a limitation of this study is that we were unable to determine specific cause-effect relationships. It is hoped that future prospective studies will help address this limitation through inclusion of measures assessing COMT gene expression in order to shed light on the potential epigenetic mechanisms related to our data. Our study did not differentiate between soluble COMT and membrane-bound COMT isoenzymes, which have been found to have different expression levels based on genotype, methylation and location; 31 however, our sequencing primers were derived from the COMT-s sequence. Additionally, we were unable to examine neurocognition or DA metabolic measures (that is, homovanillic acid levels) to determine the phenotype end point of these COMT methylation differences between groups. Because of small sample size and large number of assessments, the possibility of confounding variables may skew results and significance; additionally, the use of P-value correction for the number of statistical tests done was not completed. Although this may alter some of our minor findings (that is, homocysteine and methylation relationship), our primary results would withstand this greater statistical scrutiny. Lastly, the primary measure of physical activity (the TAM2) has not been validated within the schizophrenia population and the imputed values are based on subject recall that has its own biases. 16 Very similar to this, our TAM2 values are based on physical activity over the past 7 days, and thus this shorter time frame for estimating exercise may not be the most appropriate, and perhaps a longer time frame (that is, a month or longer) needs to be utilized in future studies.
Conclusion
Our results reveal a significant relationship between COMT promoter region methylation, physical activity and metabolic syndrome in 158Val/Met patients; findings that may lead to improved understanding of the genetic and biochemical etiology of both schizophrenia and metabolic syndrome. Overall, we found that COMT methylation patterns differed based on the 158Val/Met variant and that the presence of metabolic syndrome in Val/Val genotype subjects resulted in a COMT methylation profile for these subjects that resembled that seen in Met/Met genotype subjects without metabolic syndrome. Additionally, our data show that for the Val/Val genotype group, lower physical activity levels may result in greater COMT methylation that may affect overall COMT activity related to metabolic syndrome risk or DA metabolism. Follow-up studies will use the results of this report in the examination of the true role of physical activity on important phenotypic outcomes of COMT expression as well as neurocognitive measures and outcomes in schizophrenia.
Further study of the role of epigenetics in psychiatric disorders will benefit through analysis of additional DNA methylation sites, global LINE methylation and the role of other enzymes, such as MTHFR. Additionally, reverse transcriptase-PCR analysis of COMT mRNA and western blotting studies will further enhance the results of this study in terms of understanding the ramifications of methylation on enzyme expression and functionality. Continued research elucidating the role of DNA methylation in transcription regulation will aid the advancement of therapeutic methods.
